Sodium homeostasis: Steady states without a set point  by Bonventre, Joseph V. & Leaf, Alexander
Kidney International, Vol. 21(1982), pp. 880—885
SPECIAL PRESENTATION
Sodium homeostasis: Steady states without a set point
JOSEPH V. BONVENTRE and ALEXANDER LEAF
Rena! Unit, Department of Medicine, Massachusetts General Hospital and Harvard Medical School, Boston, Massachusetts
In a recent editorial printed in this Journal [1], it was
proposed that total body sodium was regulated around a set
point by a feedback-control system. The set point was postulat-
ed to be". . . that amount of sodium chloride in the patient's
body when he is in balance on a no-salt intake." We would like
to present an alternative description of sodium homeostasis that
we feel is more consistent with the available experimental data.
Regulation of sodium in the body can be best described by a
series of steady states determined by many factors, one of
which is the intake of sodium.
Ludwig, in 1869 [21, described the physiological response to
variation in salt intake in the following way:
"The proportion of chloride of sodium in the body as a
whole is not always the same. It depends on the
quantity taken daily, and may be increased or dimin-
ished within certain limits. If a definite quantity be
taken daily for some time the same quantity will be
found in the urine, so that the amount present in the
body is constant. If the quantity consumed be now
increased, no increase takes place in the excretion for
about three days, a storage of salt taking place in the
body. After about three days the quantity excreted
daily in the urine will again be found equal to the
quantity daily taken, the amount present in the body
remaining constantly at the higher level. If the quantity
daily taken be now diminished, no diminution takes
place in the quantity excreted for about three days,
and then the quantities daily taken and excreted again
correspond. The amount stored up at first is now gone,
and the proportion of salt in the body is again reduced
to its lower level."
While it has been found subsequently that patients in a steady
state who are administered a sodium load or given a reduced
sodium intake respond by gradually increasing or decreasing
sodium excretion shortly after the initiation of the change in
sodium intake the other observations made by Ludwig have
been confirmed repeatedly. An increase in sodium intake
results in an increase in urinary sodium with a new steady state
reached within approximately 3 to 5 days. The subject charac-
teristically gains weight prior to the achievement of the new
steady state [3—10] and maintains this weight gain [9, 101. The
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new steady state, therefore, is characterized by an increase in
total body sodium.
Subjects on their normal sodium intake who are sodium
restricted have a decrease in sodium excretion with a new
steady state achieved within approximately 3 days. The sub-
jects lose weight and remain at this reduced weight as long as
the sodium restriction is maintained [3, 8, 11].
The set point hypothesis proposed by Hollenberg is not
consistent with a sustained body content of sodium in excess of
"that amount of sodium chloride in the patient's body when he
is in balance on a no-salt intake." If there is a control system
regulating total body sodium around a set point of lower total
body sodium, then it is difficult to explain the weight gain and
increase in total body sodium observed in subjects whose
sodium intake is increased. Because the ability of the normal
kidney to excrete sodium is great [31, the increase in sodium
intake should result in an increase in sodium excretion and no
net weight gain. If there was a time-delay in the regulatory
system and the kidney could not respond rapidly enough to
prevent an initial weight gain, then, after sufficient time had
elapsed, excretion would exceed intake until the total body
sodium returned to the level characterized by the alleged set
point. This does not occur. The weight gain and increase in total
body sodium are sustained. A return to a lower body weight and
total body sodium depends on a reduction in sodium intake.
We can find no support for the view taken by Hollenberg [1]
that patients excrete a sodium load quantitatively if they have
been maintained on a low sodium diet prior to the increased
sodium intake. Wesson, Anslow, and Smith [12], in 1948,
stated: "It is common knowledge that the oral administration of
moderate doses of isotonic saline (for example, 1 liter in a man)
does not result in an abrupt excretion of fluid. . . . The saline is
excreted slowly and may not be recovered in a number of
hours." In the study by Strauss et al [13] referred to by
Hollenberg [1], a hypotonic saline solution was infused into
patients on a low sodium diet. One third of a small sodium load
of 15 m sodium chloride was excreted within 4 hr of infusion
at which time the study was terminated. The mean sodium
excretion prior to intravenous sodium administration was ap-
proximately 18 p.Eq/min, or 26 mEq/day, if extrapolated to 24
hr. The subjects may not have been in balance on their intake of
"less than 5 mEq of sodium daily." Furthermore, an oral water
load was administered prior to the intravenous salt challenge
with hypotonic saline. In response to such a previous water
load the subjects likely became expanded intravascularly and
this could have facilitated the excretion of a portion of the
sodium load [14, 15). Papper et al [16] administered 338 mEq of
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sodium over 90 mm to a patient on 140 mEq/day sodium intake.
At 4 hr after the initiation of sodium loading, the patient had
excreted only 20% of the administered load. Crawford and
Ludemann [17] administered I to 3 liters of isotonic saline to
normal subjects at a rate of 13 to 56cc/mm. Two hundred.and
ten minutes after the termination of the infusion, urinary
excretion of the administered saline load did not approach the
quantity of water or sodium administered. Prior maintenance of
patients on high daily sodium chloride intake (9 to 24 g/day) had
no effect on post infusion urinary water or sodium excretion. At
210 mm post infusion only 18% of administered water and 16%
of administered sodium was recovered in the urine. Hollenberg
et at [18] infused 310 mEq of sodium into patients in balance on
a 10 mEq/day sodium intake and found that they did not excrete
all of the administered sodium by the end of the study, which
was 2 days after the sodium load. In addition to the failure of
these short-term studies to show quantitative excretion of a
sodium load, they ignore the well known large fluctuations in
sodium excretion observed even in subjects on a constant
sodium intake [19]. It is well known that circadian variation
occurs in sodium excretion and only on a very low sodium
intake does sodium excretion remain constant from day to day
[3].
The lack of a single fixed set point around which sodium is
regulated does not, in any way, mean that feedback control
systems do not exist for sodium regulation. The rate of sodium
excretion is a function of body sodium content which in turn is
related to intake. This relationship defines a continuity of
steady states in which the rate of sodium excretion is a function
of body sodium' content. The importance to survival of main-
taining body sodium content is so great that multiple overlap-
ping controls have been invested in its preservation (for exam-
ple, glomerular filtration rate (GFR), hemodynamic factors, and
multiple hormonal regulators).
If all other factors could be kept constant and only GFR
allowed to vary as a function of salt intake, the rudiments of a
feedback control of body sodium content would already be
evident. An increased sodium intake will increase body sodium
content, expand the extracellular and vascular volumes, and
increase the quantity of sodium filtered and excreted. A de-
crease in sodium intake will result in loss of body sodium,
contraction of extracellular fluid volume, with decreased filtra-
tion and excretion of sodium. An increase in sodium intake thus
will enhance sodium excretion preventing continued sodium
retention. A decrease in sodium intake will result in a reduction
in sodium excretion preventing continued sodium loss. Thus
steady state levels of body sodium content will be approached
by this crude feedback system in response to both increased
and decreased sodium intake. The many other factors that
affect renal sodium excretion [20, 21] play an important role in
the regulation of tubular handling of sodium so as to modify the
excursions in the steady states of body sodium content that
would be achieved by changes in GFR alone.
Biological control systems are characteristically nonlinear.
Even if the biological system had a conventional reference input
(that is, set point), the steady-state characteristics would de-
pend on contributions from all the nonlinear components, as
well as the reference input.
For simplicity we used the term "body sodium" although recogniz-
ing that the physiological regulatory mechanisms respond to changes in
compartments of body sodium.
Fig. 1. A simplified biological feedback control system regulating body
sodium homeostasis. The term "body sodium" refers to those sodium
compartments in the body to which physiological sodium regulatory
processes respond. An inverse relationship between "body sodium"
and plasma aldosterone (1) and between plasma aldosterone and urinary
sodium (II) has been assumed. The five points (A toE)drawn on curve!
define the relationship between plasma aldosterone and "body sodium"
so that the change in "body sodium" is identical in moving to each
successive point. "Body sodium" is related to urinary sodium by a
series of lines which depend on sodium intake (111). Each line repre-
sents a different amount of sodium intake with the steady state relating
"body sodium" and urinary sodium at a given sodium intake depicted
by points A to E. If sodium intake remains constant and sodium
excretion is changed transiently, for example, with the temporary
administration of a diuretic, the patient moves away from the steady
state along the line drawn through it. The feedback system represented
by graphs I, II, and III ultimately converges to return the patient to the
steady state point. A decrease in sodium intake will result in movement
to a new line relating "body sodium" to urinary sodium that is closer to
the origin in I!!. There will be a decrease in body sodium and a
stimulation of the renin, angiotensin, aldosterone system resulting in an
increase in plasma aldosterone. The increased plasma aldosterone will
decrease urinary sodium excretion. An increase in sodium intake
results in an increase in body sodium. In either case a new steady state
will be established. Each steady state will be characterized by the
corresponding point on each of these graphs. The control system is
characterized by stability. There is no set point around which total body
sodium is regulated.
An example of a biological control system affecting sodium
homeostasis which does not incorporate a set point can be
demonstrated by the simplified system depicted in Figure 1
where body sodium is determined by sodium intake and urinary
sodium excretion. Let us assume that body sodium determines
renin, angiotensin, and aldosterone levels which in turn specify
urinary sodium excretion. In this system there is feedback and
stability, but there is no absolute set point around which total
body sodium fluctuates. In fact, this simple feedback system
can explain the physiologic observations interpreted by Hollen-
berg [1] as necessitating the presence of a set point determined
by very low sodium intake: (1) Sodium excretion falls exponen-
tially when intake is restricted; (2) excretion of sodium occurs
in an individual on a low salt diet when sodium is administered
(although as we have stated above this excretion may be
delayed and in no case is the quantitative excretion rate equal to
the administered rate without a change in total body sodium; (3)
if more sodium is "squeezed out" of a patient on a low-salt diet
by use of a diuretic, a natriuresis will not follow until the
additional amount of sodium lost secondary to the diuretic is
replaced. Referring to Figure 1, many factors involved in
sodium homeostasis, including dietary sodium intake, will
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determine an individual's initial placement on the curves. If a
person on his regular sodium diet is characterized by position A
on the upper two curves, a drop in dietary sodium initially will
decrease the total body sodium resulting in a stimulation of the
renin-angiotensin-aldosterone system and secondarily a fall in
urinary sodium (UNa). He will then be characterized by point B
on both curves. If the new level of urinary sodium equals the
new level of oral sodium intake, he will remain at this point. If
urinary sodium excretion remains higher than oral sodium
intake, he will continue to change positions on the curves to C
and D. The change in UNa in going from A to B is greater than
the change in going from B to C which in turn is greater than the
change in going from C to D. The new steady state of sodium
excretion is approached exponentially. If a person is at a steady
state characterized by C on both curves, then an increase in
sodium intake will result in movement toward B, and there will
be an increase in sodium excretion which will depend on the
increase in sodium intake. Finally, if more sodium is "squeezed
out" of the patient who is at D, he will move to E characterized
by little change in sodium excretion because urinary sodium is
already at minimal values. When the patient moves back from E
toward A along the urinary excretion curve, it is clear that a
measurable natriuresis may not be observed until enough
sodium has been replaced to increase total body sodium such
that the patient will move beyond D. The lower box on Figure 1
depicts a set of lines relating "body sodium" and urinary
sodium reflecting the fact that these relationships vary depend-
ing on the salt intake. In this box we have identified points
which correspond to steady states at the various states of salt
balance indicated by the upper two curves in this figure.
Therefore, we have accounted for the three "puzzling observa-
tions" for which Hollenberg proposed his set point hypothesis.
We also hereby demonstrate that a feedback control system can
exist without a constant set point and our system is character-
ized by stability.
The kidney dictates the steady state level of urinary sodium
output. This sodium excretion is affected by many regulatory
factors other than salt intake. Sodium excretion by the kidney is
affected by GFR [22], peritubular capillary Starling forces [23];
intraluminal content of organic solutes [241, arterial pressure
125—28], renal nerve activity [29], and intrarenally produced
substances such as angiotensin, prostaglandins [30, 31], brady-
kinin, and dopamine [32]. Circulating factors such as aldoster-
one, catecholamines, calcitonin [33, 34], and antidiuretic hor-
mone also affect sodium excretion. Other circulating natriuretic
factors, as yet uncharacterized, may also play an important role
in the regulation of sodium excretion [35]. With this complicat-
ed multivariant system affecting sodium excretion it would be
overly restrictive to depend on a single set point around which
the system is regulated, especially because most of the factors
mentioned which affect urinary sodium excretion are sensitive
to many physiologic variables other than total body sodium.
In summary, total body sodium is regulated by a complex
interaction of multiple effector systems. Each of these systems
acts to prevent large variations in total body sodium in response
to large variations in sodium intake. Each system likely acts
with varying sensitivities, gain in response, and time delay to
alterations in total body sodium. They do not, however, nullify
the variation in sodium intake. They do not regulate total body
sodium about a single set point. They regulate total body
sodium about steady states which vary depending on the intake
of sodium.
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Surfeit, deficit, and the set point for sodium homeostasis'
NORMAN K. HOLLENBERG
Shields Warren Radiation Laborato,y, Harvard Medical School, Boston, Massachusetts
In their essay, "Myth and Reality", the Frankforts deal with
the nature of speculative thought, a mode of apprehension
which "attempts to explain, to unify and to order experience"
[1]. The concept of a set point for sodium homeostasis, first put
forward by Strauss et al [2], and until recently largely forgotten,
represents an excellent example. In their essay, Bonventre and
Leaf provide us with a description of a system which could
function without a set point, rather than providing an alterna-
tive concept.
They raise three objections to the set point concept, two
based on observation. First, it is common experience that
individuals increase their total body sodium as they increase
sodium intake. The second problem is related: Patients studied
on a low-salt diet do not excrete a sodium load quantitatively in
the time of observation. A third objection is based on a notion
that in a "complicated miltivariant system effecting sodium
excretion it would be overly restrictive to depend on a single set
point around which the system is regulated, especially since
most of the factors mentioned which effect urine sodium
excretion are sensitive to many physiological variables other
than total body sodium." Do these objections make the concept
untenable? I believe not.
Does a set point preclude a continuous operation at a level
above the reference point? Let us turn to the familiar model of a
thermostat. A building with a source of heat which was beyond
the control of a thermostat, such as a fireplace, which produced
a temperature above that set by the thermostat, would still have
a thermostat. If the heat input was discontinuous, the pattern
would involve a continuous exponential reduction in tempera-
ture through heat loss with periodic sharp rises. Culture and
habitual practice result in our enjoying an analogous, intermit-
tent sodium intake. The resultant expansion of our sodium
space is determined by the quantity ingested at each meal and
the rate at which we excrete the sodium between meals. Does
this deny that a set point exists? No.
The second point, that in the studies cited subjects did not
excrete a sodium load quantitatively administered when they
had been on a low-salt diet is true: A complete statement would
have added, "during the period of observation." As discussed
below, with the latter proviso, the observation was predictable
and does not deny a set point.
The third objection, that a set point is overly restrictive in
view of the many variables which influence renal sodium
handling and the fact that many are sensitive to physiological
variables other than total body sodium, is truly puzzling. If so
many forces converge on a single function that is crucial for life,
what better reason could one imagine for there to be an
independent reference point?
The essay claims to have accounted for the three puzzling
observations which prompted Strauss to propose a set point for
sodium homeostasis. Let us compare the two explanations.
Why is the exponential reduction in sodium excretion when
sodium intake ceases puzzling? If, as common parlance has it, a
sodium deficit is accruing with the fall in total body sodium, one
would have anticipated a different relationship: As the forces
which defend total body sodium are mobilized, one would
anticipate an accelerating response with time. The opposite
The preceding response of Drs. Bonventre and Leaf to the earlier
editorial review of Dr. Hollenberg (Kidney mt 17:423—429, 1980) was
referred to Dr. Hollenberg for rebuttal. This is his reply.
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